In this study, we provide evidence, based on field-collected data and published articles, that the stage of caudal fin formation, initiated by notochord flexion (NF), might be a developmental milestone in the early life history of engraulids and other fishes, associated with changes in capabilities of the developing fish. An analysis of morphometric characters in anchovy (Engraulis encrasicolus) larvae collected from the Aegean Sea indicated a significant change in multivariate allometry at NF, with a marked increase in the growth of tail width and eye diameter. Initiation of swim-bladder inflation, which is considered to trigger the onset of vertical migrations and subsequent schooling behavior, was first observed at NF. This is further supported by a length-specific analysis of spatial patchiness (Bez's index of aggregation) based on data from three broad-scale ichthyoplankton surveys in the Aegean Sea; after the onset of NF (i.e. .7 mm preserved length), the aggregation of anchovy larvae started to increase rapidly implying that schooling might be well established in the early post-flexion stages. Published studies further support these field observations indicating that the NF in European anchovy is associated with the start of diel vertical migrations, the increase in otolith growth, a change in prey selectivity and an increased ability to evade plankton nets. The development of the caudal fin might be an important event in engraulids and other fishes but has generally been overlooked.
I N T RO D U C T I O N
The early development of fishes consists of several ontogenetic intervals with gradual or abrupt changes in performance, diet, microhabitat, behavior or any combination of these, during transitions from one interval to the next (Balon, 1999; Fuiman, 2002) . Growth and mortality rates often differ between successive intervals (e.g. Smith, 1985) and certain transitions (e.g. the onset of exogenous feeding, metamorphosis) have been widely considered as "critical periods" characterized by high mortality rates (Leggett and DeBlois, 1994; Thorisson, 1994) .
The knowledge of early development is therefore essential to understanding the changing requirements of a species and the factors affecting population recruitment (Houde, 1994) .
There are two schools of thought on the fundamental model for fish ontogeny . One view is that development is gradual. The alternative view incorporates the theory of saltatory ontogeny, proposed by Eugene Balon (Balon, 1999) , in which steps are separated by shorter, less stable intervals (thresholds), where major and often sudden physiological and morphological developments become functional, affording the organism with new capabilities. With the exception of the transition from endogenous to exogenous nutrition and the phase of settlement in demersal species, no other thresholds have ever been recognized in marine fisheries ecology as being important for population-level processes. Predator-prey interactions are generally believed to change gradually during the larval period, being related to fish size (Leggett and DeBlois, 1994 and references therein) or a logarithmic scale of fish length (Fuiman, 1994) . However, several descriptions of early ontogeny provide evidence that the larval period may consist of two distinct phases (e.g. Gisbert et al., 2002) : (i) an early larval phase in which organogenesis and differentiation are more rapid and complex and larvae develop most of their sensory, feeding, respiratory and swimming systems and (ii) a late larval phase in which most morphological changes are related to the progressive transformation from larva to juvenile. Shifts in allometric growth pattern of certain body parts have frequently been observed (e.g. Osse and van den Boogaart, 1995) implying that priorities might change at a certain point during the larval period. Müller and Videler (Müller and Videler, 1996) hypothesized that the major priority of early larvae is to grow as quickly as possible in order to reach some critical length that will allow them to escape the viscous flow regime. Experimental evidence (Vlymen, 1974; Batty, 1984; Osse, 1990) and theoretical considerations (Weihs, 1980) indicate a change in swimming style (from anguilliform to subcarangiform) as the larva passes from a viscous to an inertial flow regime. This change is closely coupled with the development of the caudal fin (Batty, 1984; Blaxter, 1986) . In some scombrid fishes, observed morphological and behavioral changes at the stage of notochord flexion (NF) are so rapid and intense that some authors suggested that the switch from flexion to post-flexion stage (sensu Kendall et al., 1984) is a "first metamorphosis" (Masuda and Tsukamoto, 1999; McFarlane et al., 2000) .
In pelagic schooling fish, there is an additional reason to expect that, at some point during the larval life, ecological interactions change. In many species, schooling behavior is observed well before metamorphosis (but see herring for an exception; Gallego and Heath, 1994) . For example, in northern anchovy (Engraulis mordax), schooling begins when larvae are 11 -12 mm (Hunter and Coyne, 1982) and metamorphosis occurs at around 35 mm (O'Connell, 1981) . It is therefore reasonable to consider that the mortality during the late larval phase is significantly lower than the early larval phase in this species (Smith, 1985) .
In the present study we provide evidence that European anchovy (Engraulis encrasicolus) is likely to initiate schooling behavior very early in the larval period, i.e. soon after the caudal fin is formed. The evidence is based on observations on swim-bladder inflation and on changes in spatial patchiness with increasing length (Hunter and Coyne, 1982 ). An analysis of morphometric data is also presented showing significant changes in growth priorities between preflexion and post-flexion larvae. Shifts in morphometrics have been used often as an effective means to identify thresholds in the life history of fishes (Sagnes et al., 1997; .
M E T H O D Ichthyoplankton sampling
Data used in this study were collected during three broad-scale ichthyoplankton surveys, carried out over the northern Aegean Sea continental shelf in June 1993 , June 1995 and June 1996 (Somarakis, 2005 Somarakis and Nikolioudakis, 2007) . Most stations sampled were positive (i.e. at least one larva was captured) (Table I) . A 60 cm bongo net sampler was used on all cruises. Mesh sizes on the sampler were 250 and 335 mm. Sampling details are provided in Somarakis et al. (Somarakis et al., 1998) .
In the laboratory, samples of the 0.250 mm net were sorted and eggs and larvae were identified to the lowest possible taxonomic level (Somarakis et al., 2002) . Anchovy larvae were counted and measured (standard length to the nearest 0.083 mm). If more than 200 anchovy larvae were captured in a tow, then 200 randomly selected larvae were measured and subsequent length frequencies were raised to the total number of larvae. Lengths were rounded to 0.5 mm length groups (e.g. 2 -2.49: 2.25 mm).Anchovies collected on the 1995 and 1996 cruises were further sorted into pre-flexion, flexion and post-flexion stages. The flexion stage begins at initial NF and ends ( post-flexion stage starts) when the posterior margin of the upper hypural plate is at 908 from the notochord axis (Moser, 1996) .
Additionally, for the 1996 survey, the incidence of apparently inflated swim bladder (Uotani, 1973) was In this study, length measurements refer to formalinpreserved standard lengths (L). The following equation can be used to correct these lengths for shrinkage due to capture and handling (Somarakis and Nikolioudakis, 2007) :
A correction factor of 1.03 may be further applied to allow for shrinkage due to formalin fixation (Theilacker, 1980 , Palomera et al., 1988 .
Length-specific aggregation of anchovy larvae
Changes in length-specific patchiness of anchovy larvae were assessed using an index of aggregation suitable for densities (i.e. numbers per square or cubic meter) (Cotano et al., 2008) . For densities, Bez (Bez, 2000) proposed the use of an index of aggregation (I a ) calculated as:
where I a is the index of aggregation, z i is the density of larvae at each station (numbers per square meter), and S is the mean sample area. Like Lloyd's crowding (Lloyd, 1967) , I a is domain (i.e. scale)-independent (Bez, 2000) . Only larvae ,12 mm were used in this analysis. Those .12 mm were captured too infrequently with bongo nets (Somarakis et al., 1998) to be useful in this study. The index of aggregation was also calculated for anchovy eggs.
Analysis of changes in allometric growth patterns
A representative sample of 159 pre-flexion, flexion and post-flexion larvae, carefully selected from the preserved ichthyoplankton collections, were used to study patterns of allometric growth in anchovy. The larvae were undamaged, straight, ranging in length between 3.04 and 14.83 mm. The following measurements were taken (Snyder, 1983) To study patterns of multivariate allometry (Jolicoeur, 1963; Shea, 1985; Klingenberg and Froese, 1991) , morphometric measurements were log-transformed and principal component analysis (PCA) was carried out using the covariance matrix. As demonstrated by Shea (Shea, 1985) , in a PCA of a pooled logarithmic covariance matrix of groups of animals with different growth patterns, PC1 summarizes the shape variation resulting from the sharing and extension of common patterns of growth allometry, while the second (PC2) and subsequent components summarize the shape variation resulting from divergent growth trajectories. The latter are reflected in bivariate comparisons as either vertical shifts and/or slope differences (Shea, 1985) . Hence, in an ontogenetic series in which shifts in allometric patterns between sequential intervals (different growth stanzas) occur, these shifts will be reflected in the pooled PCA as divergent PC2 trajectories (changes in oblique orientation) in relation to PC1. Such divergences were examined here to assess shifts in morphometrics associated with the development of the caudal fin.
According to the multivariate generalization of the allometry equation (Jolicoeur, 1963) , for a group of animals sharing a common growth pattern, the eigenvector (direction cosines) of the first principal component (PC1) of the logarithmic covariance matrix reflects relative proportion changes. The ith variable is isometric with respect to the overall growth pattern, if its PC1 coefficient equals 1/ p p, where p denotes the number of morphometric characters. The bootstrap method (Efron and Tibshirani, 1986 ) was used to estimate the confidence intervals for PC1 coefficients and compare them with the theoretical value for isometry (Klingenberg and Froese, 1991) .
R E S U LT S
The percentage of larvae with apparently inflated swimbladders during the night is presented in Fig. 1 in relation to length class (Fig. 1a) and NF stages (Fig. 1b) . The cumulative percentage of flexion larvae by length class, from the formalin preserved samples of 1995 and 1996, is also given in Fig. 1a . The overall average length of flexion larvae was 7.53 mm (range: 4.92-8.67 mm). No pre-flexion larvae or larvae ,6.67 mm had inflated swim bladders. The opposite was true for post-flexion or larvae .8.33 mm. In total, 69% of flexion larvae had inflated swim bladders.
Length-specific changes in aggregation of anchovy larvae were similar between cruises. To integrate interannual heterogeneity in distribution and abundance and better represent the average conditions (Hewitt, 1981) , mean values for I a per length class were estimated for the three cruises and then plotted against larval length (Fig. 2) . The I a initially decreased from the egg to first-feeding larval stage (3 -3.5 mm) and subsequently remained low up to $7 mm. Then, it started to increase, more and more rapidly, especially in larvae .9 mm (i.e. in early post-flexion larvae).
PCA (Table II) of the log-transformed morphometric measurements using the covariance matrix revealed that there were two prominent changes in oblique orientation of PC2 when plotted against PC1 (Fig. 3) . These changes corresponded well to the transitions from pre-flexion-to-flexion and flexion-to-post-flexion stages implying changing allometric growth patterns. Coefficients of PC2 (Table II) revealed the contrast between length measurements (standard length, TrL, PsAL, PAL) and AD plus eye diameter.
When calculated separately for pre-flexion, flexion and post-flexion larvae, allometric (PC1) coefficients were quite stable as shown by their small standard errors (Table III) . The relative growth of most cephalic characters (Table III, Fig. 4) , i.e. HL and depths at the eye (HD) and base of pectoral fin (PD), did not change significantly among stages. However, Eye was negatively allometric in pre-flexion larvae and turned to isometic in post-flexion larvae. All other length measurements (PAL, TrL, PsAL) were positively allometric in the pre-flexion stage and changed to isometric or slightly allometric (PsAL) in the post-flexion stage. Finally, the most important change was that of AD which shifted from isometry in preflexion larvae to a high positive allometry in the flexion stage and subsequently to lower, but yet positive allometry in postflexion larvae (Table III, Fig. 4 ).
D I S C U S S I O N
Hewitt (Hewitt, 1981) measured the mean patchiness of the eggs and larvae of northern anchovy based on samples (6000þ) from ichthyoplankton surveys in the California current region covering 19 years of routine sampling. Using Lloyd's (1967) index of patchiness, he showed that, initially, eggs are quite patchy but, after spawning, eggs and subsequently larvae become more and more disperse. They reach the lowest LPI values at 9 -10 mm, whereupon this trend is reversed, and larvae become increasingly patchier with size (or age). Hewitt (Hewitt, 1981) suggested that the latter change in spatial patchiness is an effective measure of the onset of schooling in the sea which was subsequently confirmed by Hunter and Coyne (Hunter and Coyne, 1982) in the laboratory. The median length at NF of northern anchovy is $10 mm length (Caddell, 1988 ) ( preserved length, range: 6.5 -13.5 mm). This corresponds to a live length .11 mm (Theilacker, 1980) . In the present study, we performed an analysis similar to Hewitt's (Hewitt, 1981) for European anchovy in the Aegean Sea but used Bez's index of aggregation (I a ) instead, which is more appropriate for densities (Bez, 2000) . The I a decreased from the egg stage to early pre-flexion larvae and subsequently started to increase at $7 mm, and especially after 9 mm ($11 mm live length), i.e. in early post-flexion stages. This is strong evidence that European anchovy larvae initiate schooling behavior from about the time the (Hunter and Coyne, 1982) . In the Bay of Biscay, Cotano et al. (Cotano et al., 2008) have reported that I a values increased markedly for European anchovy larvae only after the length of 15 mm. However, this study, based on a single cruise with 85 sampling stations, contradicted all similar studies on anchovies that indicated an increase in patchiness at smaller lengths (Hewitt, 1981; Hunter and Coyne, 1982; Vasconcellos et al., 1998) .
Apart from patchiness, the flexion stage for anchovy in the Aegean Sea is also the stage in which swimbladder inflation initiates. A high proportion of flexion larvae and all post-flexion specimens had obviously inflated swim bladder during the night. Similarly, northern anchovies inflate their swim bladder at 10 mm (i.e. at the flexion stage, see above) and larvae begin nightly migrations to the surface (Hunter and Sanchez, 1976) . The vertical migration to the surface to fill the swim bladder is believed to facilitate the social contacts necessary for the development of schooling (Hunter and Sanchez, 1976) . In E. encrasicolus, diel vertical migrations are first observed in the field when larvae are .6 mm (Olivar et al., 2001; Sabates et al., 2008) . Onset of swimbladder inflation has been reported at similar standard lengths, 6 -7 mm, in Japanese anchovy, (Engraulis japonicus) (Uotani, 1973) . In Atlantic menhaden (Brevoortia tyrannus), swim-bladder inflation begins at a total length of 11 mm in 208C (Forward et al., 1993) and NF completes at about the same length in 238C (Fig. 3 in Fuiman et al., 1998) .
Hunter and Coyne (Hunter and Coyne, 1982 ) described the development of schooling behavior in larval northern anchovy which begins at a length of $11 mm and is well established when the larvae reach 13-15 mm ( presumably early post-flexion stage, see above). Most relevant developmental changes happen at the time schooling develops. Rods appear in the retina and increase in number; the swim bladder is filled with gas and the red muscle layers deepen (Hunter and Coyne, 1982) . The change from cutaneous to gill respiration and the formation of lateral line canals follow soon after the onset of schooling (O'Connell, 1981) . The inflation of the auditory bullae occurs at $12 mm (O'Connell, 1981) . In Atlantic menhaden, the bullae inflate at 11 mm total length (see above) with rods being already present in the retina, soon starting to proliferate (Higgs and Fuiman, 1996) .
The flexion stage in European anchovy is further associated with significant changes in allometric growth patterns. In the present study, we used PCA to calculate allometric coefficients and their confidence intervals for the pre-flexion, flexion and post-flexion stages. First, we applied PCA using the covariance matrix of the log-transformed measurements of the entire sample of larvae to identify shifts in allometric growth patterns. According to Shea (Shea, 1985) , when the allometric growth remains constant during development (i.e. during a specific ontogenetic interval), this results in an oblique orientation of PC2 versus PC1 scores, i.e. fish shape changes progressively in a particular direction due to allometric growth. In an ontogenetic series in which shifts in allometric growth exist between sequential intervals, these are reflected in divergent PC2 trajectories (changes in oblique orientation in relation to PC1) as observed in the present study (Fig. 3) . Indeed, the allometric coefficients of certain morphological characters changed significantly from pre-flexion to post-flexion stages in European anchovy (Fig. 4) . In the pre-flexion stage, the priority was to grow in length (all lengths were positive allometric except HL). This supports the hypothesis of Müller and Videler (Müller and Videler, 1996) that early larvae need to grow as quickly as possible in order to escape from the viscous flow regime. In flexion and post-flexion stages, especially the former, the priority is to develop a strong tail (the AD turned to a high positive allometry) in order to swim effectively in the beat-and-glide swimming characteristic (Hunter and Coyne, 1982; Blaxter, 1986) . The increase in the relative growth of the eye (from negatively allometric in pre-flexion to isometric in post-flexion larvae) is probably associated with an improvement in peripheral vision. As Hunter and Coyne (Hunter and Coyne, 1982) have concluded, the onset of schooling in anchovy seems to be tied to changes related to locomotor efficiency and improvements in the visual system.
Published studies further support the hypothesis that the development of the caudal fin is a developmental milestone for European anchovy. A change in otolith growth (Somarakis and Nikolioudakis, 2007) and a decrease in catchability with low-speed plankton samplers (Somarakis et al., 1998) have been reported for E. encrasicolus during the flexion stage. Coombs et al. (Coombs et al., 1997) showed that European anchovy diet changes from mainly copepod nauplii at lengths ,6 mm to predominately early copepodite stages and small adult copepods at lengths .8 mm. Hence, the flexion stage and concomitant development of the caudal fin may also be associated with changes in feeding behavior.
In Table IV , information is summarized on changes that have been reported to occur during or soon after the flexion stage, or at lengths that correspond to the flexion stage, for several marine pelagic and demersal species and some freshwater species. It must be pointed out that this list is not exhaustive, and in certain cases (like the northern anchovy above), no attention was actually given to fin development, changes being simply reported as a function of larval length. The possible importance of a formed homocercal fin has long been emphasized by some workers on fish ontogeny. In their review on the early life history stages of fishes, Kendall et al. (Kendall et al., 1984) state: "One of the fundamental events in development of most fishes is the flexion of the notochord that accompanies the hypochordal development of the homocercal caudal fin. . . . The flexion stage in many fishes is accompanied by rapid development of fin rays, change in body shape, change in locomotive ability, and feeding techniques." Subsequently, Batty (Batty, 1984) and Osse (Osse, 1990) demonstrated experimentally that the development of the caudal fin in herring and carp, respectively, is Clupea harengus C. caprio Batty (1984) , Osse (1990) Change from a viscous to an inertial environment and/or improvement of swimming performance C. harengus, Engraulis mordax C. caprio, Argyrosomus japonicus, Pagrus auratus, Acanthopagrus australis, Macquaria novemaculeata Batty (1984) , Webb and Weihs (1986) , Osse (1990) , Clark et al. (2005) Reduction in the growth of gill area and increase in the growth of intestine C. caprio Osse and van den Boogaart (1995) Onset of inflation of the auditory bullae and/or proliferation of rod photoreceptors B. tyrannus, E. mordax, P. dentex Higgs and Fuiman (1996) , O'Connell (1981) , Masuda and Tsukamoto (1999) Onset of swim-bladder inflation E. Bergeron and Person-Le Ruyet (1997) Bottleneck in aquaculture Latris lineata Battaglene and Cobcroft (2007) coupled with a change in swimming style and can be related to the hydrodynamic regime in which the larvae move (Blaxter, 1986) . Recently, Clark et al. (Clark et al., 2005) presented some comprehensive experimental results linking the swimming ontogeny of four warmtemperate marine perciform species to the development of the caudal fin. They concluded that, until NF was complete, both speed and endurance were limited. Following NF, all larvae swimming at critical speeds were in an inertial environment, and this corresponded to when substantial endurance swimming developed. There are two possible reasons that changes associated with the development of the caudal fin could have been relatively overlooked in marine fisheries ecology. First, information on late larvae from field surveys is largely limited by our inability to collect quantitative information on their abundance (mainly due to their ability to evade samplers; Heath, 1992) . Secondly, experimental evidence might have been equivocal due to: (a) sample size constraints and/or not fully covering the entire larval period in many experimental studies and (b) most detailed experimental studies have been conducted on cold-water species like herring (e.g. Fuiman, 1989) . Temperature affects the timing (e.g. Fuiman et al., 1998) and rates of ontogenetic events. Low temperature is expected to retard the initiation and increase the duration of ontogenetic transitions. Hence, if different traits (e.g. those needed for the initiation of schooling) require dissimilar ontogenetic times, synchronization in their completion will decrease with decreasing temperature. In this sense, thresholds that "saltatorists" recognize in fish ontogeny will be more abrupt (easy to define) at higher temperatures but more "gradual" (difficult to recognize) at low temperatures. This hypothesis deserves to be further investigated.
